Background: DJ-1 and SOD1 are proteins involved in Parkinson disease and ALS, respectively. Results: A novel DJ-1 copper binding site is characterized together with its ability to activate SOD1 through copper transfer. Conclusion: We have identified a putative role for DJ-1 as a copper chaperone. Significance: Alterations of the coordination of the copper ion in DJ-1 may affect neurodegenerative etiopathogenesis.
Lack of oxidative stress control is a common and often prime feature observed in many neurodegenerative diseases. Both DJ-1 and SOD1, proteins involved in familial Parkinson disease and amyotrophic lateral sclerosis, respectively, play a protective role against oxidative stress. Impaired activity and modified expression of both proteins have been observed in different neurodegenerative diseases. A potential cooperative action of DJ-1 and SOD1 in the same oxidative stress response pathway may be suggested based on a copper-mediated interaction between the two proteins reported here. To investigate the mechanisms underlying the antioxidative function of DJ-1 in relation to SOD1 activity, we investigated the ability of DJ-1 to bind copper ions. We structurally characterized a novel copper binding site involving Cys-106, and we investigated, using different techniques, the kinetics of DJ-1 binding to copper ions. The copper transfer between the two proteins was also examined using both fluorescence spectroscopy and specific biochemical assays for SOD1 activity. The structural and functional analysis of the novel DJ-1 copper binding site led us to identify a putative role for DJ-1 as a copper chaperone. Alteration of the coordination geometry of the copper ion in DJ-1 may be correlated to the physiological role of the protein, to a potential failure in metal transfer to SOD1, and to successive implications in neurodegenerative etiopathogenesis.
DJ-1 is a protein, ubiquitously expressed predominantly in the cytosol, which has also been detected in the nucleus and in the mitochondria of some cell types (1) . PARK7, the 24-kb gene encoding DJ-1, has been implicated as the causative gene in a familial form of Parkinson disease. Mutations in the DJ-1 gene have been associated with autosomal recessive parkinsonism, characterized by early onset and slow progression (2) . It has also been suggested that DJ-1 has a pathogenic role not only in inherited cases but also in the more common sporadic form of the disease (3) .
Although the well folded, compact structure of DJ-1 has been known since 2003 (4) , its physiological role is still controversial. Among the several functions that have been ascribed to this protein (5) , the most corroborated one is its putative neuronal protective role against oxidative stress, although how exactly this function is exerted is still unclear (6) . Overexpression of wild-type DJ-1 has a neuronal cytoprotective effect against oxidative stress (7) , whereas DJ-1 deficiency leads to increased vulnerability to oxidative stress-induced cell death (8) . Further support for this neuronal cytoprotective function comes from the observation that the L166P DJ-1 mutation, associated with the pathology, impairs the functionality of the protein by reducing its stability (9) . Clearly, this indicates that at least some mutations in DJ-1 cause a loss of function. Other DJ-1 pathological mutations result in quite stable proteins, suggesting that DJ-1 mutations lead to protein function impairment through different mechanisms.
Investigations on the oxidative stress response exerted by DJ-1 have been focused on the key role of the highly conserved Cys-106 residue. Upon exposure to reactive oxygen species, all three cysteines (Cys-46, -53, and -106) present in the sequence of DJ-1 are oxidized (10) . However, only Cys-106 has a reduced pK a value (5.4) , and therefore it occurs almost exclusively as the highly reactive cysteine thiolate anion at physiological pH (11) . Cys-106 has also a marked susceptibility to dopaquinone reactivity (12) . A hint that cysteine 106 is responsible for the "signaling" role of DJ-1 in coordinating cellular responses to oxidative stress is the observation that mutation of this residue exacerbates cell sensitivity toward oxidative stress. These data have been supported by the finding of unusually high levels of acidic forms of DJ-1 in brain samples of Parkinson disease patients, compared with the distribution of DJ-1 pI isoforms usually observed in normal brains (13) . It has also been proved that oxidation of Cys-106 has a different but most likely complementary role, which is its ability to drive and control DJ-1 mitochondrial localization (7) .
Multiple literature reports underline the indisputable co-participation of DJ-1 and copper-zinc superoxide dismutase (Cu 2 Zn 2 ⅐SOD1 or SOD1) 2 in the complex pathways of cellular oxidative stress response (14, 15) . In vivo, SOD1 is the first line of defense against reactive oxygen species, scavenging superoxide radicals (16) . Altered SOD1 activity has been associated with different pathologies (17) and in particular with motor neuron degeneration, such as in both sporadic and familial cases of amyotrophic lateral sclerosis (18) .
SOD1 is a metalloenzyme that catalyzes the disproportionation of superoxide to give molecular oxygen and hydrogen peroxide. The enzyme contains two identical subunits of 153 amino acids, each one built around a ␤-barrel core plus several long loops of irregular structure. Each subunit contains a metal binding region that binds one copper and one zinc ion, positioned such that they share a common histidyl imidazolate ligand when the copper ion is present as Cu(II). The copper ion has a catalytic function, whereas the zinc ion has a structural role. The metal ions have an enormous effect on the thermal stability of SOD1. The binding of metal ions also increases the affinity of the two subunits within the protein dimer and decreases the susceptibility to proteolysis relative to that of apo-SOD1 (19) .
In 2011, Wang et al. (20) suggested that DJ-1 is able to control oxidative stress insults by indirectly regulating SOD1 expression through the Erk1/2-Elk1 pathway. They demonstrated that upon oxidative insults, DJ-1 interacts with Erk1/2, and it determines its nuclear translocation. The translocation of Erk1/2 then activates Elk1 and sequentially promotes SOD1 expression.
One of the proposed mechanism for oxidative stress protection activated by DJ-1 hinges on the idea that DJ-1 control takes place through a direct interaction of DJ-1 with cytosolic SOD1 in a copper-dependent mode (21) . Mainly through isothermal titration calorimetry and bimolecular fluorescence complementation assays, Xu et al. (22) showed that an Arabidopsis thaliana DJ-1 homolog is able to bind Cu(II) and to interact directly with SOD1. More recently, the same authors showed, through x-ray fluorescence, that human DJ-1 is able to bind both mercury and copper ions. DJ-1 metal binding ability is associated with a potential protective function of DJ-1 against metal-induced cytotoxicity, suggesting that DJ-1 is sequestering extra copper in conditions of metal dyshomeostasis.
To investigate the mechanisms underlying the antioxidative function of DJ-1 in relation to SOD1 activity, we engaged in the structural characterization of a DJ-1 copper binding site using different techniques. We further characterized the kinetic ability of DJ-1 to bind copper ions, which led us to identify a putative role of DJ-1 as a copper metallochaperone. The results presented here suggest a functional implication of the DJ-1 metal binding site; alteration of its geometry of coordination may be correlated to the physiological role of the protein and to the etiopathogenesis of Parkinson disease.
EXPERIMENTAL PROCEDURES
DJ-1 Expression and Purification-Human wild-type DJ-1 cDNA was amplified by PCR using the pcDNA3.1/GS-DJ-1 vector, containing the full-length DJ-1 coding region as template (a generous gift of Dr. M. R. Cookson) , and synthetic oligonucleotides (Sigma-Genosys) containing the NcoI and XhoI restriction sites. After digestion with the appropriate restric-tion enzymes, the PCR product was subcloned into the NcoI-XhoI linearized pET28 expression plasmid (Novagen) and introduced into Escherichia coli BL21(DE3) strain. The C106A, C53A, H126A, H126Q, E18D, and E18Q mutants were generated by site-directed mutagenesis using specific oligonucleotides. Overexpression of the proteins was achieved in E. coli BL21(DE3) strain, by growing cells in LB medium at 37°C to an A 600 of 0.6, followed by induction with 0.6 mM isopropyl ␤-Dthiogalactopyranoside for 4 -5 h. After sonication and centrifugation, the soluble fraction, containing DJ-1, was subjected to a two-step (70 and 90%) ammonium sulfate precipitation. The pellet was then resuspended, dialyzed against 20 mM Tris-HCl, pH 8.0, 3 mM dithiothreitol (DTT), and purified through a 6-ml Resource Q column (Amersham Biosciences). After purification, wild-type DJ-1 and its mutants were stored at 4°C in 20 mM Tris-HCl, pH 8.0, 10 mM DTT for no more than 2 weeks. Protein concentration was estimated using the extinction coefficient of the monomeric DJ-1 form, ⑀ 280 ϭ 4200 M Ϫ1 cm Ϫ1 .
SOD1 Expression and Purification-Human SOD1 cDNA, purchased by Source BioScience imaGenes, was subcloned into the NcoI and XhoI restriction sites of the pET15b plasmid (Novagen). The protein was expressed in E. coli MnSOD/ FeSOD Ϫ/Ϫ QC774(DE3) strain (23) to eliminate a possible interference of the endogenous proteins with the recombinant one. This mutant strain was generously provided by Prof. A. F. Miller (University of Kentucky, Lexington, KY). SOD1 was recovered from the periplasm by osmotic shock as described previously (24) . Then the soluble fraction, containing SOD1, was subjected to a two-step (70 and 95%) ammonium sulfate precipitation. The pellet was then resuspended, dialyzed against 20 mM Tris-HCl, pH 8.0, 1 mM DTT, loaded into a 6-ml Resource Q column (Amersham Biosciences), and eluted with a 0 -500 mM gradient of NaCl. Protein concentration was spectroscopically evaluated using the extinction coefficient ⑀ 256 ϭ 15,900 M Ϫ1 cm Ϫ1 , corresponding to the dimer (25) .
The apoprotein was obtained by dialysis against 10 mM EDTA in 50 mM acetate buffer, pH 3.8 (26) . EDTA was removed by dialysis against 100 mM NaCl in 50 mM acetate buffer, pH 3.8, and then against acetate buffer alone, gradually increasing the pH from 3.8 to 5.5 (27) . Finally, the E 2 Zn 2 ⅐SOD1 was obtained by adding a ZnCl 2 solution to the apoprotein at pH 5.5.
Crystallization and Data Collection-Purified samples of wild type recombinant DJ-1 in complex with Cu(II) ions were submitted to sparse matrix crystallization trials, applying the isothermal vapor diffusion method, partially automated by Oryx8 Robot (Douglas Instruments). Each of the 384 independent crystallization conditions tested (Crystal screen I and II, PACT screen, PEGs II screen, and PGA screen) were screened using the sitting drop set up on MRC 2-well plates. Prior to crystallization, the freshly purified protein was titrated with 0.1 M Cu(II)⅐SO 4 solution (monomer/copper ion ϭ 1:1 ratio) and subsequently concentrated to 0.8 -1 mM under anaerobic conditions.
Diffraction quality crystals grew in more than 20 different conditions, which were screened in order to identify those more suitable for the crystallization of the Cu⅐DJ-1 complex and dis-
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card those where any of the precipitant components could act as a chelating agent and aid to Cu(II) stripping.
In the best conditions, pale green regular crystals grew within C53A DJ-1 mutant in complex with Cu(II) was prepared and crystallized using the same method and precipitant solutions of the wild type protein, with small adjustments of the protein and precipitant concentrations. Crystals of C53A DJ-1 mutant were grown also in the absence of copper but under identical conditions, to analyze the changes occurring upon copper binding. At variance, the copper adduct of E18D DJ-1 was prepared by soaking apo-crystals, grown under anaerobic conditions and with the same precipitant, by transferring the same ones in a fresh drop of precipitant supplemented with 1 mM CuSO 4 . Before data collection, the crystals were quickly soaked into a cryoprotectant solution composed of the precipitant agent, supplemented with 20% (v/v) ethylene glycol, and flash-frozen in liquid nitrogen.
X-ray diffraction data were collected at 100 K both at the Swiss Light Source (Villigen, Switzerland) and the European Synchrotron Radiation Facility (Grenoble, France) synchrotron radiation sources (see details in Table 1 ). Any of the data collections were acquired around the absorption peak of copper ions (ϳ1.47 Å) to obtain the corresponding anomalous signal.
Diffraction data were processed using iMosflm, and integrated intensities were scaled using software Scala, with the ccp4i package interface (28) . Data collection statistics are summarized in Table 1 . All of the crystals diffracted to a resolution higher than 2.0 Å, ranging from 1.95 to 1.35 Å in the best case.
Both the WT and DJ-1 mutant crystals, either in complex with copper ions or not, belong to the trigonal P3 1 21 space group, with one molecule per asymmetric unit, a solvent content of 56%, and unit cell parameters very close to each other and to the first structure of DJ-1, crystallized in the same space group but starting from different precipitant agents (Protein Data Bank codes 1P5F (4) and 1SOA (7)).
Model Building and Refinement-The structure was solved by molecular replacement using the software autoMR, part of the PHENIX suite (29) , starting from the structure of DJ-1 protein solved by Wilson and co-workers (Protein Data Bank code 1SOA (7) ). The refinement was carried out using the software phenix.refine (29) and Refmac5 (30) . A few steps of manual rebuilding, performed with the graphic software Coot (31), were sufficient to verify and introduce the appropriate mutations and obtain the final models. Solvent molecules were identified by an automated procedure feasible in the phenix.refine options and small manual adjustments. Copper ions were placed by inspecting the anomalous difference maps. A residual electron density that could not be ascribed to any protein residues or solvent was observed in the structures of mutants Cu⅐E18D and apo-C53A roughly in the same position, in the pocket that hosts the copper binding site involving Cys-106. This density has been tentatively fitted by a molecule of ethylene glycol, added as cryoprotectant before data collection. An analogous electron density is observed in the structure of the copper-loaded C53A mutant, where it is however shifted 5 Å apart, toward a more peripheral side of the pocket. The final models content as well as the corresponding quality and geometry parameters, falling in the expected range or better for this resolution, are briefly summarized in Table 1 . The only residue that invariably fell into generously allowed regions of the Ramachandran plot was cysteine 106, and this was most likely due to chemical modification that it undergoes, as described below.
UV-visible Titration-Copper titrations were performed on 0.2 mM protein samples with 1-l additions of a stock solution 
X-ray diffraction information
Collection and refinement statistics of the x-ray data acquired at 100 K at both the Swiss Light Source (Villigen, Switzerland) and European Synchrotron Radiation Facility (Grenoble, France) are shown. Data for the highest resolution shell are shown in parentheses. In order to test the pH-dependent shift of the copper charge transfer band, different aliquots of the same DJ-1 stock solution were extensively dialyzed against phosphate buffers at different pH values. Protein concentration and successive titration with CuSO 4 ⅐5H 2 O according to the above described protocol were then carried out for each protein sample at different pH values.
WT
Fluorescence Titration-Fluorescence spectra of metal-free SOD1 protein were initially recorded using a Varian Cary Eclipse fluorescence spectrophotometer.
The exploited probe to test copper transfer from Cu(II)-DJ-1 to E 2 Zn 2 ⅐SOD1 was Trp-32, the only tryptophan residue present in SOD1. Although this residue is solvent-exposed, its fluorescence emission is influenced by the protein matrix. DJ-1 has no tryptophan residues in its sequence but only three tyrosine residues, the intrinsic fluorescence of which is negligible.
The excitation wavelength was 280 nm (bandwidth 5 nm), and the fluorescence emission was collected between 300 and 460 nm (bandwidth 10 nm). Fluorescence spectra were recorded, at room temperature, after the sequential addition of concentrated (850 M) copper-loaded DJ-1 protein directly into the quartz cuvette containing the apo-SOD1 protein (4 M dimeric concentration). Spectra were also recorded 10 and 20 min after mixing in order to detect the mixture at equilibrium. After stoichiometric titration, the further addition of 0.5 eq of copper showed only a further 3% decrease of SOD1 fluorescence, confirming that a complete transfer of the copper ion had taken place from WT DJ-1 to E 2 Zn 2 ⅐SOD1.
EPR Spectroscopy-The EPR spectra were recorded at 77 K with an X-band Bruker Elexsys E580 spectrometer. 300 l of copper-loaded DJ-1 samples (790 M) were loaded into a 4-mm diameter iron-free quartz EPR tube. Before recording the spectra, samples were degassed at room temperature. Spectra were collected using the following spectrometer settings: high power (3.5 db), high modulation amplitude (5 G), and wide scan range (4000 G).
Peroxiredoxin Activity-DJ-1 peroxiredoxin activity was measured using an Amplex Red hydrogen peroxide/peroxidase assay kit containing a one-step assay that uses the Amplex Red reagent (10-acetyl-3,7-dihydroxyphenoxazine) to detect hydrogen peroxide.
The assay was based on the spectrophotometric detection of resorufin absorbance at 560 nm (⑀ ϭ 58,000 cm Ϫ1 M Ϫ1 ). Resorufin is the red fluorescent oxidation product obtained from the reaction of Amplex Red reagent with H 2 O 2 in a 1:1 stoichiometry in the presence of horseradish peroxidase (HRP). The H 2 O 2 scavenging activity of DJ-1 was monitored as the decrease of resorufin absorbance detected in the presence of the protein compared with the control (i.e. the same reaction mixture in the absence of DJ-1). All of the experiments were performed with 10 M H 2 O 2 , which was initially chosen as the optimal concentration for the experiment. A calibration curve was run using different concentrations of H 2 O 2 . Samples were prepared in a 96-well microplate, and the absorbance was detected using a PerkinElmer VICTOR TM X3 2030 multilabel plate reader. Reported data are the average of three replicates.
SOD1 Activity Assays-SOD activities were determined through the cytochrome c assay (26) in the absence and presence of apo-or copper-loaded DJ-1 proteins (1:1 molar ratio To obtain the enzymatic parameters the values calculated with different amounts of SOD (expressed in g) have been fitted by a rectangular hyperbola,
where a represents the maximal percentage of inhibition obtained, and b indicates the units/g of protein.
Statistical Analysis-Data were analyzed using GraphPad Prism version 4 software. One-way analysis of variance followed by Newman-Keuls's post hoc test was used to determine whether groups were statistically different. p values of Ͻ0.05 were considered significant.
RESULTS
We initially performed a titration of a DJ-1 sample with Cu(II), in which we monitored the metal binding by UV-visible spectroscopy. We observed the development of a charge transfer band in the absorption spectrum of DJ-1 at 370 nm together with a broad and weak absorption band at 650 nm ( Fig. 1 ).
An accurate titration of a DJ-1 sample in phosphate buffer at pH 7.4 allowed us to observe that both bands at 370 and 650 nm reached saturation when 1 eq of copper was added to the sample. However, from the titration curve, it is apparent that the stoichiometry is 0.5:1 (Fig. 1, inset) , indicating that DJ-1 is partially loaded with copper ions because it binds 0.5 copper ions/ monomer. The titration curve is typical of a simple binding event, suggesting that the binding of one copper ion to the DJ-1 dimer hinders the binding of the second metal ion. The dissociation constant (K d ) for the metal binding to the protein was determined from the titration to be 3.97 ϫ 10 Ϫ4 M with an extinction coefficient for the copper complex of ⑀ 370 nm ϭ 3300 M Ϫ1 cm Ϫ1 . Such a high value of the dissociation constant is compatible with a chaperone-like rather than an enzymatic function of the metalloprotein.
Further information on the potential copper-binding site was acquired through a pH dependence investigation of the position of the charge transfer band (Fig. 2) . A sigmoidal dependence is observed in the pH range 6 -8 (limited by protein stability) with a midpoint around pH 7.1. This dependence cannot be ascribed to the protonation of any specific binding residue but rather to the possible presence of a water ligand. To fully characterize the structural features of the copper-loaded DJ-1 (Cu⅐DJ-1) protein, we determined the crystal structures of the wild type protein both in its metal-free and copper-loaded forms.
The Cu-DJ-1 complex was prepared by titrating the diluted metal-free DJ-1 samples with CuSO 4 up to a stoichiometric ratio. After buffer exchange and concentration of the DJ-1 metalloaded protein, we obtained a green solution suggestive of Cu(II) coordination.
The solved structure superposes well onto the already deposited structure (Protein Data Bank code 1SOA) (7) of the metalfree DJ-1 form (root mean square deviation 0.15 Å). Cys-106 has a high tendency to be oxidized to sulfinic acid (Cys-106-SO 2 H), as observed in the majority of the structures deposited in the Protein Data Bank. We instead succeeded in obtaining the structure of the Cys-106-reduced DJ-1 in complex with copper by storing the protein in 10 mM DTT and removing the reductant just before protein titration and crystallization through buffer exchange using a solution extensively fluxed with oxygen-free nitrogen. Moreover, the crystallization plates were prepared under anaerobic conditions (glove box) using deoxygenated solutions to prevent Cys oxidation. Any other attempt to prevent Cys-106 oxidation failed and invariably entailed the formation of crystals without copper ions, which is in agreement with the observed inability of the oxidized protein to bind copper ions in solution (i.e. no charge transfer band was observed at 370 nm).
The presence of copper ions has been identified by calculating and inspecting both the difference and anomalous maps at the copper absorption edge (ϳ1.37 Å) and by further comparison with the corresponding structures, solved in the same conditions but in the absence of copper. Unexpectedly, two types of metal binding sites have been identified in the wild type protein structure, one close to Cys-106 in each monomer and the other at the interface of the two monomers that associate to form the physiological dimer (Fig. 3) . The latter metal binding site is located between the two Cys-53 residues that face each other. Very recently, the structure of a Cu(I)-DJ-1 complex, resulting FIGURE 2. pH dependence of the charge transfer (Cu-S (Cys-106)) band for the WT (f) and H126A (F) DJ-1 proteins. The WT pH dependence data were fitted using a double Boltzmann sigmoidal function (gray line). The fitting was then vertically shifted on the H126A data (light gray line). 
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from the incubation of the protein with a Cu(I)-glutathione complex, has been reported (32) . In agreement with our data, the authors describe the presence of a Cu(I) ion bound at the dimer interface, whereas, at variance with us, they do not observe any metal ion bound to Cys-106. Such a discrepancy could be ascribed to the oxidation state of the copper ion, to the oxidation state of Cys-106, or to the metal binding affinity of glutathione, a well known and potent chelating agent.
Copper Coordination Site 1-A very clear peak in the anomalous difference maps, higher than 50, was observed in close proximity to Cys-106 of the WT DJ-1 structure and ascribed to a copper atom (Fig. 4) .
The refined occupancy of the copper ion is 45-50% of the total sites in the crystal, in agreement with what was inferred from the evolution of the charge transfer band observed upon DJ-1 copper titration. The main ligands involved in the coordination of copper are two protein residues and a water molecule: Cys-106 S ␥ atom, which points toward the copper ion at a distance of 2.09 Å; Glu-18 OE2 carboxylic oxygen, which coordinates copper at a similar distance (2.10 -2.00 Å); and a water molecule at 2.32 Å.
The three ligands define roughly a trigonal geometry, where copper deviates only 0.4 Å from the Cys/Glu/H 2 O plane. The position of a fourth axial ligand is occupied by the main chain -NH of Gly-75, which nevertheless lies at a distance too large from the copper site (3.98 Å) for a coordination contribution (Fig. 4) . The second carboxylic oxygen of Glu-18 side chain (OE1) is 3.26 Å away from copper, and it assumes an unfavorable geometry that seems to exclude a direct contribution to the metal coordination sphere. On the contrary, it is properly oriented (2.89 Å) to establish a hydrogen bond interaction with the main chain -NH of axial Gly-75. A further solvent molecule is positioned at 3.32 Å from the copper ion and is involved in a network of hydrogen bonds with at least other four water molecules and the side chain NH1 of Arg-48, all trapped inside the same pocket where Cys-106 is buried.
Although DJ-1 was loaded and co-crystallized with Cu(II) ions, the observed copper coordination geometry most likely corresponds to a Cu(I) complex, resulting from the photore-duction of Cu(II) ions, which occurred during data collection. Indeed, the reducing effect of the x-ray beam on copper cannot be neglected; it has been demonstrated previously that the x-ray beam has a reducing effect on metal ions contained in crystals (33) even if cryocooled with liquid nitrogen at 100 K. Indeed, an attempt to analyze the cupric complex of DJ-1 by x-ray absorption edge spectroscopy was impaired by the immediate conversion to Cu(I) upon exposure to the x-ray beam. For these reasons, the observed copper coordination site 1 might be affected by such in situ metal reduction, and it could correspond to a Cu(I) complex where the metal ion is reduced and the orientation and distance of the involved ligands are consequently altered, or it configures as an intermediate and mixed state. The copper coordination geometry described above is reminiscent of the structure of proteins belonging to the type 1 cupredoxin family (T1 sites), such as azurin or amicyanin (34, 35) , in particular those characterized by a trigonal or distorted tetrahedral copper binding site (36) . However, whereas DJ-1 shares the cysteine-thiolate ligand that characterizes cupredoxins, the nature of the other residues involved in the trigonal coordination arrangement of copper is not conserved. Indeed, neither histidines nor methionines seem to be involved in our case, whereas these residues are highly conserved in type 1 cupredoxins.
In the DJ-1 structure described here, the orientation of the two copper ligands (Cys-106 and Glu-18) does not undergo any significant displacement upon copper binding (see below). Indeed, the structures of both apo-and copper-loaded states of the mutant were obtained in the same crystallization conditions for the absence or presence of the metal, with the Cys-106 residue maintained in a fully reduced state in both cases. Analogous to the WT DJ-1 structure, none of the residues defining the copper binding site 1 experienced any relevant rearrangements, and only the solvent molecules trapped in close proximity to Cys-106 were reorganized upon copper binding.
Such behavior has been encountered with other cupredoxins, such as azurin. Indeed, even when Cu(II) undergoes reduction or removal from the azurin metal binding site, the structure and geometry of the corresponding coordination sphere remain almost unaffected (37). The crystallographic model described here is in agreement with the magnitude of the extinction coefficient and the energy of the optical transition described above for the Cu(II) binding site, which are indicative of a strong thiol-binding ligand.
Copper Coordination Site 2-Inspection of the anomalous difference maps of the wild type protein in complex with copper provided evidence for a second metal binding site at the homodimer interface. The metal ion is located at the interface of two asymmetric units, trapped between two cysteine residues (Cys-53), deriving from the two different chains of a DJ-1 dimer, at a distance of roughly 2.1 Å from either S ␥ atom (Fig. 5) .
This binuclear coordination is characterized by a S-Cu-S angle of about 149°, a distortion from the ideal linear dithiolate coordination that has been observed in several structures of metal-binding proteins involved in copper trafficking (38 -40) . The refined occupancy of such a copper ion roughly corresponds to that of copper binding site 1, which is about 45% of 
the actual sites, taking into account the sharing of copper site 2 by distinct asymmetric units.
DJ-1 Mutants-The features of the newly identified copper binding sites in DJ-1 were further investigated using site-directed mutagenesis, in an attempt to validate the Cu(II) DJ-1 binding mode, which was not possible either through x-ray crystallography or x-ray absorption edge spectroscopy. Cloning, expression, and purification of the C106A DJ-1 mutant were pursued to confirm the involvement of Cys-106 in Cu(II) binding, and in fact no charge transfer absorption band was observed upon titration of the mutated DJ-1 protein with copper. This result rules out any contribution of the second copper site described above to the optical properties. In the WT protein, the involvement of Cys-106 in Cu(II) ion binding, the charge transfer band at 370 nm, and the green color of the concentrated Cu(II)-loaded protein strongly suggest a distorted tetrahedral geometry of the Cu(II) site, as already observed for the copper enzyme nitrite reductase (36) . This binding hypothesis is partially supported by the Cu(I) coordination of DJ-1 observed through x-ray crystallography (see above).
Single-point mutations have been introduced also on each of the other potential copper binding ligands. Titrations with copper were performed on E18Q, E18D, H126A, H126Q, and C53A DJ-1 mutants. Moreover, the C53A and the E18D mutants were investigated through x-ray crystallography to further characterize the peculiar binding of Cu(I) at the dimer interface (see below).
The glutamic acid 18 residue was substituted with both a glutamine and an aspartic acid because it has already been shown that, whereas the E18Q mutant has a protective function against oxidative stress similar to that of the WT protein, the oxidatively impaired E18D mutant behaves as the inactive C106A mutant and fails to protect cells (41) .
Upon copper titration, both DJ-1 E18D and E18Q mutants showed the formation of a charge transfer band at 370 and 365 nm (pH 6.8), respectively, that disappeared within a few minutes. These data strongly suggest that the Glu-18 is a critical residue for Cu(II) binding to DJ-1. Although only the replace-ment of Glu-18 with Asp, and not with Gln, impairs the oxidation of Cys-106 to sulfinic acid (41) , copper coordination by residue 18 is affected both by shortening of the side chain and by its charged state.
In the crystal structure of DJ-1, His-126 is located within the copper ion coordination sphere of 0.4 nm, making it a potential additional ligand for the Cu(II) ion. Nevertheless, the H126A mutation resulted in a protein with the same efficiency of copper binding as the WT DJ-1 protein. The concentration dependence in the titration data for WT and H126A are indistinguishable and representative of a non-cooperative binding. The only difference that can be observed in the binding features of the two proteins is a hypsochromic shift of about 6 nm of the charge transfer band of the H126A mutant compared with WT, which is maintained unaltered within the pH range 6.0 -7.4, preserving a midpoint around pH 7.1, as reported in Fig. 2 . These results suggest that the His-126 residue, even if not directly involved in copper binding, may be connected (probably by hydrogen bonding) to a binding residue affecting the coordination geometry of the site. Indeed, by inspecting the WT Cu⅐DJ-1 structure, we observed that His-126 imidazole ring is involved in a network of hydrogen bonds comprising also a few water molecules and other residues (Arg-28 and the CO of Pro-184) that define the copper binding pocket and belong to the second monomer of the physiological DJ-1 dimer. Mutation of His-126 to alanine induces an alteration of this extensive hydrogen bonding network, which can justify the shift of the charge transfer band observed upon copper titration of the H126A DJ-1 mutant compared with the WT protein.
An alternative mutation of the basic His-126 residue with a non-basic, similar chain length amino acid, such as Gln, resulted in binding features similar to the ones observed for E18D/E18Q mutations (i.e. an unstable copper binding). These data further confirm the indirect involvement of residue His-126 in copper binding, most likely through a hydrogen-bonding network.
The UV-visible absorption curve of the C53A DJ-1 titration with Cu(II) was indistinguishable from that of the WT protein. This result is consistent with the observed single non-cooperative charge transfer band formation, which reached saturation when 1 eq of Cu(II) was added to the WT DJ-1 protein sample. We may suggest, as substantiated by functional data described below, that copper coordination site 1, identified by x-ray crystallography and involving Cys-106, is more likely the functional copper chaperone binding site of DJ-1 competent to bind both Cu(I) and Cu(II).
Further confirmation that Cys-106 is the main Cu(II) binding site comes from the EPR spectra recorded on both WT Cu⅐DJ-1 and Cu⅐C53A DJ-1 samples, which are superimposable ( Fig. 6) , therefore suggesting that the Cys-53 binding site can be occupied most likely only by Cu(I).
An initial continuous wave EPR spectrum, which fully accounts for the metal ions added, was recorded for the WT protein loaded with copper. The spectrum revealed the simultaneous presence of two copper species. A Cu(II) species at g Ќ ϭ 2.25 with a hyperfine splitting of 148 G was superimposed onto a second species at g Ќ ϭ 2.22 with a hyperfine splitting of 180 G (Fig. 6 ). The heterogeneous Cu(II) coordination, 
observed through EPR spectroscopy, may be due to a partial occupancy of the coordinating water molecule, a distribution that may be affected by sample freezing in liquid nitrogen. From the EPR spectra, we can infer that the paramagnetic properties of the bound Cu(II) are consistent with the coordination mode defined from the optical transitions and from the crystallographic data, assuming that no extensive rearrangement of the metal ligands occurs upon copper oxidation.
The data presented here support the purported role of DJ-1 as a redox-sensing protein in the cell. DJ-1 shows a complex, structurally modulated, redox state for the binding of Cys-106 most likely tuned by the specific side chains of the residues surrounding the copper binding site or binding of another protein partner to DJ-1.
To have a robust validation of the model that emerged from the data presented above, we pursued the structural characterization also of the relevant DJ-1 mutants in the presence of the bound copper ion. We succeeded in determining the crystal structures of the following species: apo-C53A, Cu⅐C53A, and Cu⅐E18D (Fig. 7) .
All of the crystal structures described here superpose well onto each other and onto the already deposited WT DJ-1 structure (Protein Data Bank code 1SOA) (7) ; the root mean square deviations between equivalent C␣ atoms range from 0.15 to 0.19 Å. The only relevant difference among these structures concerns the oxidation state of the cysteines.
Although in the Cu⅐E18D DJ-1 mutant structure, a clear oxidation of Cys-106 to sulfinic acid (Cys-106-SO 2 H) is observed, in the C53A DJ-1 mutant, Cys-106 is present in the reduced state both in the apo and copper-loaded forms. The different propensity toward Cys-106 oxidation is associated with the specific mutations that differently affect the hydrogen-bonding network that stabilizes preferentially one of the cysteine oxidation forms. The observed oxidized state of Cys-106 in mutant Cu⅐E18D seems to be in contrast with the impaired tendency toward oxidation detected by other authors (41) for the same mutant. However, the addition of copper ion modifies the cysteine environment, and it may thereby strongly affect the pro-pensity of this residue toward oxidation. Nevertheless, our crystallization conditions, which differ from the one already reported for the apo form, may also have been critical in determining the Cys-106 oxidation state for this mutant. As expected, in the Cu⅐E18D and Cu⅐C53A mutant structures, a single copper ion was identified close to the binding site not affected by the mutation.
In the E18D mutant, the copper coordination site 1 is disrupted, and oxidation of Cys-106 to sulfinic acid occurred. Conversely, the copper binding site 1, the coordination geometry, and the metal occupancy are very well conserved in the Cu⅐C53A structure if compared with the wild type protein.
The lack of significant Cys-106 and Glu-18 orientation displacement observed in the WT protein upon copper binding was also detected for the C53A mutant. This allowed a robust validation of the Cys-106 metal binding site because both the apo-and metal-bound structures of the C53A mutant were determined in the same conditions and particularly in a fully reduced state.
As far as the second copper binding site is concerned, the peak due to the presence of a copper ion at the dimer interface and the binuclear coordination geometry are well conserved in the E18D mutant complex, whereas coordination site 1 is abolished. As expected, binding site 2 is not observed in the crystals of the Cu⅐C53A mutant protein.
DJ-1 Function-To address the issue of the identification of a physiological role for DJ-1 in its copper complex form, we reinvestigated a few of the many functions that have been so far ascribed to this protein.
In 2007, DJ-1 was described by Andres-Mateos et al. (42) as an atypical peroxiredoxin-like peroxidase. Using an Amplex Red assay, we verified the H 2 O 2 scavenging activity of recombinant WT DJ-1. Consistent with already published data (42) , decreased H 2 O 2 levels were observed in the presence of metalfree WT DJ-1 compared with the control reaction. The effect was concentration-dependent and reached complete peroxide scavenging when the DJ-1 monomer/H 2 O 2 ratio was 1:1, therefore showing a single cysteine dependence (Fig. 8) . The same experiment performed in the presence of C106A DJ-1 did not show any activity, proving that Cys-106 in DJ-1 accounts for its peroxidase-like activity (Fig. 8) .
To investigate the potential role of the copper ion bound to Cys-106, the experiment was repeated in the presence of Cu⅐DJ-1. The results reported in Fig. 8 show that the peroxiredoxin-like activity of Cu⅐DJ-1 is not significantly altered compared with the metal-free WT protein, indicating that this Cys-106-related activity is not associated to the presence of copper ions.
Among the many functions ascribed to DJ-1 (5, 43) , one acquires particular relevance in light of the results presented here that directly involve copper ions. According to Xu et al. (21) , DJ-1 exerts stress control through activation and regulation of cytosolic SOD1 activity, possibly through a direct interaction of the two proteins in a copper-dependent fashion.
To evaluate the competence of DJ-1 to act as copper chaperone, we initially verified the protein's ability to transfer copper by monitoring the variation in SOD1 fluorescence induced by Cu(II)⅐DJ-1. A significant fluorescence quenching for the holo- compared with the apo-SOD1 protein has already been reported in the literature (44) . Although most of the fluorescence quenching effects reported in literature are ascribed to the Cu(II) ion, it has been reported that the effect induced by Cu(I) ion is the same as the one induced by Cu(II) ion, as for instance reported for the type 1 copper protein azurin (45) .
We observed a 21 and 26% reduction of zinc-loaded E 2 Zn 2 ⅐SOD1 fluorescence intensity upon the addition of an 
equimolar amount of WT Cu⅐DJ-1 and Cu⅐C53A DJ-1 mutant, respectively ( Fig. 9 ), indicative of SOD1 copper loading caused by metal transfer from DJ-1. Furthermore, the decrease in SOD1 fluorescence, observed upon Cu⅐C53A DJ-1 addition, indicates that the presence of Cys-53 is not required for copper transfer between CuDJ-1 and E 2 Zn 2 ⅐SOD1.
To validate the suggested ability of DJ-1 to transfer copper ions to SOD1 on functional grounds, we directly measured the specific activity of the E 2 Zn 2 ⅐SOD1 enzyme in the absence and in the presence of Cu⅐DJ-1. SOD1 activity was determined from the percentage inhibition of the reduction rate of cytochrome c by O 2 . radicals. The experiment was carried out after careful removal of any aspecific copper ion from the Cu⅐DJ-1 solution through extensive buffer exchanges. Fig. 10 shows that the addition of an equimolar amount of apo-DJ-1 to copper-free SOD1 does not induce significant alterations to the background activity recorded for the inactive E 2 Zn 2 ⅐SOD1. Cu⅐DJ-1, on the contrary, induced a significant increase in SOD1 activity (3-fold the inactive background noise).
The addition of Cu⅐C53A DJ-1 to copper-free SOD1 resulted in an almost 3.5-fold increase in SOD1 activity compared with the WT protein. The most likely explanation of this last observation is that copper is transferred to SOD1 from DJ-1 coordination site 1 and not from site 2. On the contrary, site 2 competes with SOD1 for copper, and, during the transfer of Cu(I) from DJ-1 to SOD1, part of the Cu(I) released from site 1 is transferred to site 2. When site 2 is absent, as in the case of the C53A mutant, copper from site 1 is transferred completely to SOD1. This experiment strongly supports the potential physiological role initially ascribed to DJ-1 and validates its early characterization as a copper chaperone.
DISCUSSION
In solution, DJ-1 binds Cu(II) and exhibits a green color, which originates from a (Cys-106) sulfur-copper charge transfer band. The Cu(II) binding site was characterized, and Cys-106 and Glu-18 were confirmed as ligands of the copper ion. Also, the presence of a water molecule as a ligand of the Cu(II) ion is consistent with the spectroscopic data and with the pH titration of the WT protein. The His-126 residue, an elective copper ligand in many copper proteins, in the case of DJ-1 only contributes to the second sphere coordination of the Cu(II) ion in the active site. ‫؍‬ 560 nm) . The activity was recorded in the presence of different amounts of DJ-1 in the metal-free and copper-loaded forms compared with the control and for the C106A DJ-1 mutant (10 M). Each reported activity is the average of three replicates. Error bars, S.D. -1 (right) . The addition of 0.5 eq (blue), 1 eq (red), and 1.5 eq (brown) DJ-1 is shown. The fluorescence spectrum of the corresponding amount of Cu⅐DJ-1 in buffer was subtracted from each of the reported spectra. a.u., absorbance units. The x-ray structure of Cu⅐DJ-1 showed a trigonal coordination of a Cu(I) ion located in the same site spectroscopically identified for the Cu(II) ion. Besides Cys-106, Glu-18 and a water molecule were also identified as additional ligands of the cuprous ion. A second Cu(I) binding site, the existence of which has been very recently structurally characterized (22) , has been also identified. This copper binding site, which hosts only cuprous ions, consists of two Cys-53 residues belonging to the two monomers of each DJ-1 dimer.
We show, through fluorescence experiments, that copper, most likely in the Cu(I) form, is transferred from Cu⅐DJ-1 to SOD1 and, through a SOD1 activity assay, that the transfer takes place toward the correct active SOD1 copper binding site, but we did not pursue a quantitative analysis of the transfer mechanism.
Specifically, we show that copper migrates from the Cys-106 copper binding site of DJ-1 to SOD1; accordingly, mutation of Cys-53 to alanine does not inhibit copper transfer to SOD1. We may therefore conclude from the absence of a functional effect that the Cu(I) binding site located between the two Cys-53 residues in the DJ-1 dimer may be related to a function different from the one described here (22, 32) . We did not proceed further in the investigation of the specific function supported by this Cu(I) binding site, although it may be the one described by Bjorkblom et al. (22) (i.e. a direct metal sequestration to protect the system from metal-induced toxicity).
All of the described peculiar features of metal binding site 1 qualify DJ-1 as a metallochaperone, able to efficiently transfer copper to SOD1. Although DJ-1 is able to bind Cu(II) under oxidizing conditions, resulting in a green solution stable for at least 1 day at 4°C, we showed, through x-ray crystallography, that it can also bind Cu(I). Moreover, DJ-1 seems to have the ability to favor copper reduction (x-ray absorption edge spectroscopy and x-ray data) so as to optimize copper transfer and avoid dangerous Cu(II) ions in solution. In fact, copper transporters bind almost invariably Cu(I) (46) . The role of the network of residues surrounding Cys-106 seems to be fine tuning and defining the redox potential of Cys-106, which acts as a switch of the protein antioxidative defense mechanism also through the coupled activity with SOD1 (22) .
The preferred route for SOD1 copper loading and activation is most likely through the copper chaperone for SOD1 (CCS) (47), whose mechanism of copper insertion and SOD1 activation has been elucidated (48 -50) . Initially, CCS was believed to represent the sole means to activate SOD1 in vivo, but later a CCS-independent pathway was postulated when it was shown that both CCS null Drosophila and mice models partially retained SOD1 activity (51, 52) . Furthermore, the CCS gene is not present in all eukaryotes, whereas SOD1 is (53) . It has also been suggested that the existence of a dual mechanisms for SOD1 activation may lie in its dual role of oxidative stress regulator and cell signaling factor. DJ-1 seems to act in the same pathways as SOD1, compensating and supporting both SOD1 roles. We may suggest that although DJ-1 is an atypical peroxiredoxin-like peroxidase, as also previously reported (42) , under critical conditions, it can act also as a copper chaperone for SOD1 through a backup, CCS-independent pathway.
According to our results, the Cu⅐DJ-1 form is still able to retain its peroxiredoxin-like activity, allowing the protein to preserve at least a residual SOD1 activity under extreme conditions, such as hypoxia, when the CCS-dependent pathway is not working (54) . The ability of DJ-1 to act in the CCS-independent activation pathway of SOD1 is still based on the presence of Cys-106, which is critical for both its peroxiredoxin-like activity and its copper chaperone function as well as for all of the functions ascribed so far to DJ-1 (5) .
The recent report that DJ-1 binds metals such as copper and mercury (22) , and in particular the specific binding at the dimer interface involving Cys-53 (site 2) (32), points to the potential role of DJ-1 in protecting the cell against metal-induced cytotoxicity. Although we identified site 2 as an actual Cu(I) binding site, we suggest that copper binding site 1, involving Cys-106, is the key site that allows the transfer of the metal to SOD1 under critical conditions. The latter function ascribed to the Cys-106 copper binding site could coexist with the function already suggested for the Cys-53 metal binding site (22, 32) .
Through pull-down assays, Yamashita et al. (15) have already suggested the existence of a direct interaction between DJ-1 and SOD1. They showed the formation of complexes of mutant SOD1 and DJ-1 in mice primary motor neuron cultures. Moreover, the overexpression of exogenous DJ-1 in neuronal cells, stably expressing SOD1 mutants, showed increased cell viability and reduced cell toxicity due to reduced oxidative stress levels. A possible explanation of these results may be the ability of Cu⅐DJ-1 to rescue SOD1 activity in a critical situation, such as the one represented by SOD1 mutations, which may impair normal SOD1 activation through CCS.
As already reported, CCS-independent and CCS-dependent SOD1 activation pathways seem to use the same source of copper, such as glutathione complexes, and the only difference between the two mechanisms should lie at the level of disulfide bond oxidation, which seems to be fundamental for metal transfer and SOD1 activation through the CCS-dependent pathway. The awareness of a potential role for DJ-1 in the CCSindependent SOD1 activation pathway is only the first step in the investigation of a mechanism whose details are still unknown. The SOD1/DJ-1 interaction mechanism as well as the disulfide bond formation involved in the process needs to be further investigated to elucidate the entire SOD1 backup activation process.
